Filamentous cyanobacteria exhibit developmental complexity, including the transient differentiation of motile hormogonia in many species. Using a forward genetic approach, a trio of genes unique to filamentous cyanobacteria encoding a putative Rsb-like partner-switching regulatory system (PSRS) was implicated in regulating hormogonium development in the model filamentous cyanobacterium Nostoc punctiforme. Analysis of in-frame deletion strains indicated that HmpU (putative serine phosphatase) and HmpV (STAS domain) enhance, while HmpW (putative serine kinase) represses motility and persistence of the hormogonium state. Protein-protein interaction studies demonstrated specificity between HmpW and HmpV. Epistasis analysis between hmpW and hmpV was consistent with HmpV acting as the downstream effector of the system, rather than regulation of a sigma factor by HmpW. Deletion of hmpU or hmpV reduced accumulation of extracellular PilA and hormogonium polysaccharide (HPS), and expression of type IV pilus-and HPSspecific genes was reduced in the ΔhmpV strain. Expression of the Hmp PSRS is induced in hormogonia, and the cytoplasmic localization of HmpV-GFPuv implies that its downstream target is probably cytoplasmic as well. Collectively, these results support a model where HmpU and HmpW antagonistically regulate the phosphorylation state of HmpV, and subsequently, unphosphorylated HmpV positively regulates an undefined downstream target to affect hormogonium-specific gene expression.
Introduction
Cyanobacteria are among Earth's most ancient life forms, having first appeared approximately 3 billion years ago (Nisbet et al., 2007; Knoll, 2015) . As the first organisms on Earth to perform oxygenic photosynthesis and the only organisms known to independently evolve the ability to do so, cyanobacteria were responsible for the rapid accumulation of atmospheric oxygen levels that occurred around 2.5 billion years ago, commonly referred to as the Great Oxidation Event, or GOE (Holland, 2002; Lyons et al., 2014) which paved the way for the evolution of all oxygen-based life forms on Earth (Blaustein, 2016) . Extant cyanobacteria continue to play a major role in global carbon and nitrogen cycles due to their ability to fix both atmospheric carbon and nitrogen. Some nitrogen-fixing cyanobacteria of the order Nostocales can also form symbioses with plant and fungal partners to provide them with their nitrogen needs, and in return the cyanobacteria benefit by growing in cavities that protect them from competitors and predators (for review see Meeks and Elhai, 2002) . These symbioses are estimated to contribute nearly half of all terrestrial, biological nitrogen fixation (Elbert et al., 2012) . The ongoing study of cyanobacteria continues to elucidate their myriad roles and significance, and could lead to potentially valuable biotechnology applications, including the bioengineering of cyanobacteria for production of biofuels or for use as biofertilizers to provide fixed nitrogen for economically important crops.
Filamentous cyanobacteria such as Nostoc punctiforme are complex, multicellular organisms that can differentiate into multiple cell types, making them useful for the study of development and differentiation in prokaryotes (for review see Meeks and Elhai, 2002) . N. punctiforme in particular serves as an excellent model organism for filamentous cyanobacteria, as it has a fully sequenced genome (Meeks et al., 2001) , is easily cultured in the lab and can be readily genetically manipulated. N. punctiforme also has the capability to differentiate into the full range of all four developmental alternatives that have been characterized in filamentous cyanobacteria, including photosynthetic vegetative filaments, spore-like akinetes, nitrogen-fixing heterocysts and motile hormogonia.
Hormogonia are specialized filaments capable of gliding motility on solid surfaces (Rippka et al., 2001) . These filaments enter a non-growth state and undergo reductive cell division, resulting in visibly smaller cells of a distinct shape when compared to vegetative cells. Additional morphologically distinct markers of hormogonia include shorter filament length, terminal cells that often appear conical and the absence of nitrogen-fixing heterocysts. Motility facilitates several different biological processes, including dispersal and phototaxis to seek out favorable light environments (Castenholz, 1982) , the formation of supracellular structures (Shepard and Sumner, 2010; Risser et al., 2014; Tzubari et al., 2018) and the establishment of nitrogen-fixing symbioses with eukaryotic partners (Wong and Meeks, 2002; Meeks, 2006; Risser et al., 2014) . Hormogonia development is transient; filaments are typically motile for a period of 48-72 h, after which they differentiate back to the vegetative state (Campbell and Meeks, 1989) . A number of different factors such as changes in light intensity, varying nutrient concentrations, secretions from symbiotic plant partners and autogenic repressors have been shown to positively and negatively influence hormogonium development in N. punctiforme (Campbell and Meeks, 1989; Cohen and Meeks, 1997; Meeks and Elhai, 2002; Campbell et al., 2003; Khamar et al., 2010; Liaimer et al., 2015) .
The current working model of the gene regulatory network governing hormogonium development posits that these factors converge on a master regulator, from which two independent genetic pathways are initiated (Khayatan et al., 2017) . The first is dependent upon the hmp (hormogonium motility and polysaccharide) locus, which encodes five genes with homology to chemotaxis-like proteins (Risser and Meeks, 2013; Risser et al., 2014) . Four of these genes, hmpB, C, D and E, have been shown to regulate hormogonium development and are essential for motility (Risser et al., 2014) . In turn, the hmp locus is required for expression of a subset of genes at a second locus, designated hps (hormogonium polysaccharide) (Risser and Meeks, 2013) . The hps locus is conserved primarily in filamentous cyanobacteria and encodes genes required for hormogonium polysaccharide (HPS) synthesis and secretion (Risser and Meeks, 2013) .
The second independent pathway initiated by the putative master regulator involves expression of ogtA, a gene encoding a putative O-linked β-N-acetylglucosamine transferase that is necessary for the accumulation of PilA, the major pilin protein in the Type IV Pilus (T4P) complex that powers hormogonium motility (Khayatan et al., 2017) . The exact manner in which ogtA regulates pilA is still undefined, but evidence points to posttranscriptional regulation (Khayatan et al., 2017) . Together, pilA and a collection of other genes from the pil and hps loci are thought to produce components of the T4P system that drives gliding motility and the secretion of HPS in hormogonia (Khayatan et al., 2015) . N. punctiforme also displays positive phototaxis, which is regulated by genes encoded at the ptx locus (Campbell et al., 2015) , and this directional motility is thought to be controlled by the recently characterized protein HmpF, which dynamically localizes to the leading poles in motile hormogonia and is essential for activation of T4P motors .
In a number of different bacteria, partner-switching regulatory systems (PSRSs) have been shown to control a variety of biological processes in response to environmental stimuli. The canonical example of a bacterial PSRS is the Regulator of Sigma B (Rsb) system involved in modulating the general stress response in the Grampositive bacterium Bacillus subtilis (Yang et al., 1996; Igoshin et al., 2007) . In this system, an RsbU or RsbP serine phosphatase is activated in response to perceived environmental or energy stress, respectively (Igoshin et al., 2007) . The active phosphatase can dephosphorylate a protein called RsbV, comprised of a STAS domain (Pfam01740), sometimes referred to as the anti-sigma antagonist. In its unphosphorylated form, RsbV can bind and sequester the anti-sigma factor RsbW, to prevent it from binding and inhibiting the sigma factor σ B (Yang et al., 1996) . This frees σ B to interact with core RNA polymerase to form the holoenzyme complex, which can initiate transcription of target genes to respond to the stress. RsbW also has serine kinase activity and can phosphorylate RsbV, causing dissociation of the RsbW-RsbV complex and freeing RsbW to re-bind and sequester the sigma factor (Yang et al., 1996) . A similar PSRS functions in B. subtilis to regulate the availability of the sporulation-specific sigma factor σ F (Igoshin et al., 2007) , and canonical PSRSs have been implicated in the regulation of virulence systems in Gram-positive bacteria ranging from Staphylococcus aureus (Ziebandt et al., 2001; Jonsson et al., 2004) to Mycobacterium tuberculosis (Beaucher et al., 2002; Parida et al., 2005) . Although first characterized in Gram-positive bacteria, there are also examples of Gram-negative bacteria that have been shown to utilize canonical PSRSs, such as Bordetella bronchiseptica, (Kozak et al., 2005) , Shewanella oneidensis (Bouillet et al., 2016) and Chlamydia trachomatis (Thompson et al., 2015) . In contrast, other Gram-negative bacteria possess alternative-type Rsb-like PSRSs that may not involve the direct regulation of a sigma factor by the RsbW homolog. The bioluminescent marine bacterium Vibrio fischeri uses a PSRS to regulate biofilm production in order to successfully colonize the light organ of its symbiotic partner, the Hawaiian bobtail squid Euprymna scolopes (Morris and Visick, 2013) . In this system, the evidence supports a model in which the unphosphorylated form of the RsbV-like protein SypA is active and can work as the output of the regulatory system to influence an undefined target to promote biofilm formation and host squid colonization (Morris and Visick, 2013) . Recent research also provides support for a similar alternative-type PSRS in the purple bacterium Rhodobacter capsulatus, whereby the RsbV homolog is thought to work as the output of the system to directly interact with a target and promote the expression of gene transfer agents that can mediate the transfer of alleles to other nearby strains of R. capsulatus (Mercer and Lang, 2014) . Together, these examples from V. fischeri and R. capsulatus support a role for RsbV as the effector in some partner-switching systems and represent an alternative to the canonical Rsb PSRS model from B. subtilis. As of yet, there is no evidence to suggest that a sigma factor is being directly regulated by the RsbV homologs in either of these PSRSs.
In this study, a forward genetic approach was utilized to identify components of a putative Rsb-like PSRS in the Gram-negative filamentous cyanobacterium N. punctiforme. Results from several experimental approaches, including comparative genomics, proteinprotein interaction, phenotypic characterization of deletion strains, protein localization and gene expression analyses, imply that this system comprises an alternative-type PSRS that modulates hormogonium development and motility by regulating hormogonium-specific gene expression.
Results

Identification of a hormogonium-specific partnerswitching regulatory system
Currently, a transposon mutagenic screen is being employed to identify genes essential for hormogonium development and motility in N. punctiforme (Khayatan et al., 2017) . Using this screen, four non-motile isolates were identified, TNM219, TNM1401, TNM14199 and TNM1522, that harbored transposon insertions in open reading frames encoding homologs of components in the Rsb PSRS of B. subtilis (Yang et al., 1996) . Three of the insertions (TNM219, TNM14199 and TNM1522) were in Npun_R5135 (Fig. 1A) , which encodes a homolog of the serine phosphatase RsbU at the C-terminus and N-terminal REC and GAF domains, while a single insertion (TNM1401) was in Npun_F5169, which encodes a homolog of the anti-sigma factor antagonist RsbV (Fig.  1A) . Immediately downstream of Npun_R5135 and in the same orientation is Npun_R5134, which encodes a homolog of the anti-sigma factor RsbW (Fig. 1A) . Given the proximity of Npun_R5135 and Npun_R5134 in the N. punctiforme genome, and the apparent requirement of Npun_R5135 and Npun_F5169 for normal hormogonium motility, it was hypothesized that the three proteins encoded by these genes comprise a PSRS modulating hormogonium development and/or motility. Based on the results presented in this study (see below), the genes that encode these proteins have been given the designation hmp, used previously to denote genes involved in hormogonium motility and polysaccharide secretion (Risser and Meeks, 2013) , with Npun_R5135, Npun_R5134 and Npun_F5169 designated as hmpU, hmpW and hmpV, respectively, following the last letter designations in the B. subtilis Rsb system.
To provide additional evidence supporting the hypothesis that these three proteins comprise the cognate components of a PSRS, a comparative genomics approach was taken, using a previously generated data set to determine the co-occurrence of orthologs for each protein in the predicted proteome of 125 cyanobacteria with sequenced genomes (Fig. 1B) . HmpU, HmpW and HmpV showed a remarkably similar conservation pattern, with all three proteins highly conserved in filamentous cyanobacteria but almost entirely absent in unicellular species. Of the 53 filamentous species analyzed, 47 possess orthologs of all three proteins, whereas, of the 72 unicellular strains, only 1 (Synechococcus sp. strain PCC 7335), which is thought to have recently diverged from a filamentous ancestor (Shih et al., 2013) , contains orthologs of all three, and only 3 strains possess even a single ortholog for any component of this system. These results are consistent with the hypothesis that these proteins are cognate components of a single PSRS, and indicate that this system is confined to filamentous cyanobacteria.
To provide more direct experimental evidence that these proteins are cognate components of a PSRS, a bacterial adenylate cyclase two-hybrid analysis (BACTH) (Karimova et al., 1998; Battesti and Bouveret, 2012) was performed to test for protein-protein interactions between HmpW and HmpV, as well as each of four additional RsbV homologs encoded in the N. punctiforme genome (Fig. 1C) . A previous study demonstrated that alteration of the phosphoserine on RsbV enhances the RsbW-RsbV protein-protein interaction (Yang et al., 1996) . Therefore, the codon for the putative phosphoserine in each of the rsbV homologs was mutated to code for an alanine. Qualitative analysis by plating on MacConkey agar was consistent with quantitative analysis from β-galactosidase assays, demonstrating that of the five RsbV homologs tested for interaction with HmpW, only HmpW and HmpV produced a detectable interaction, which approached levels comparable to the positive control. Collectively, the transposon mutagenesis, comparative genomics and protein-protein interaction data are all consistent with HmpU, HmpW and HmpV forming a complete PSRS regulating some aspect of hormogonium development and/or motility. Results from an epistasis analysis between null alleles of hmpW and hmpV (see below and Fig. 2A ) indicate that the output of the system is unlikely to be direct regulation of a A. Gene map of the hmpW, hmpU and hmpV loci. Red triangles indicate the site of transposon insertions that disrupted motility. B. A heat map depicting the percent identity for orthologs of HmpW, HmpU and HmpV in cyanobacteria. Species organization and phylogenetic tree based on the phylogeny reported by Shih et al., (2013) , but depicting the finding, as reported by Schirrmeister et al., (2011) , that most extant cyanobacteria are derived from a filamentous ancestor. For the phylogenetic tree, green = filamentous, black = unicellular. C. BACTH analysis of protein-protein interaction between HmpW and various RsbV homologs encoded in the Nostoc punctiforme genome. E. coli strain BTH101 was co-transformed with pKT25-hmpW and pUT18c containing one of five different genes encoding an RsbV homolog (as indicated), with the codon for the putative phosphoserine mutated to code for an alanine (see Table S1 for details), and expression of β-galactosidase for each strain was determined by both quantitative β-galactosidase assays (upper panel) and qualitatively by plating on MacConkey agar (lower panel). BTH101 containing plasmids with the leucine zipper domain of GCN4 fused to the T25 and T18 fragments of adenylate cyclase (pKT25-Zip and pUT18c-Zip) served as a positive control, while BTH101 containing empty vectors (pKT25 and pUT18c) served as a negative control. sigma factor by HmpW, and therefore tests for sigma factor-HmpW protein-protein interactions were not pursued.
The Hmp PSRS regulates hormogonium motility and persistence of the hormogonium state
To confirm that hmpU and hmpV are required for normal hormogonium motility, and further define the role of the PSRS, mutant strains with in-frame deletions in hmpW, hmpU and hmpV were created and characterized. Plate motility assays were performed on the wild type and each mutant strain to determine the effect of each gene on motility ( Fig. 2A) . When compared to the wild type, the ΔhmpW strain showed drastically enhanced motility, to the point that very little of the center of the colony remained after 48 h and the dispersed filaments had spread so far that they were very diffuse and difficult to image. In contrast, the ΔhmpU and ΔhmpV strains both showed an obvious decrease in colony spreading compared to the wild type after 48 h, indicated by the presence of a dark, dense central colony with little spreading. Despite changes in the overall migration of filaments in the plate motility assays, deletion of hmpU, hmpW or hmpV did not impair phototaxis (Fig. S1 ). To further confirm that deletion of each gene was responsible for the observed phenotype, a replicative shuttle vector, expressing hmpU, hmpW or hmpV from a constitutive promoter, was reintroduced into the corresponding deletion strain ( Fig. 2A) . Reintroduction of hmpW drastically reduced motility compared to both the ΔhmpW and wildtype strains, whereas reintroduction of hmpU enhanced motility of the ΔhmpU strain, but not to the level observed for the wild type. Qualitatively, the motility in the complemented ΔhmpU strain was distinct from the deletion strain, with the deletion strain producing larger aggregates of hormogonia that moved a short distance from the colony, whereas the complemented strain produced hormogonia that moved a greater distance from the colony and were more dispersed, observed as a darker halo around the colony. Attempts at reintroduction of hmpV into the ΔhmpV strain did not yield viable colonies, possibly indicating that high levels of hmpV expression may be A. Plate motility assays of the wild-type, deletion strains and complemented deletion strains with the deleted gene constitutively expressed in trans on a replicative shuttle vector (as indicated). Images taken 48 h post-induction for hormogonia. B. Quantitative analysis of hormogonium morphology in the wild type and each deletion strain (n = 3, error bars = ±1 SD). C .Quantitative analysis of hormogonium motility in the wild type and each deletion strain (n = 3, error bars = ±1 SD). Avg = average filament velocity, Max = maximum filament velocity. Representative examples of time-lapse microscopy for each strain can be found in SMOV1. For both B and C, *p-value < 0.05, **p-value < 0.01 as determined by two-tailed Student's t-test between the wild type and each deletion strain at the corresponding time point.
deleterious, but reintroduction of a gfp-tagged allele of hmpV at the native locus restored wild-type motility (see below, and Fig. S4 ), confirming that the phenotype of the ΔhmpV strain was due to deletion of hmpV rather than a second site mutation elsewhere in the chromosome. It should be noted that enhancing expression of genes promoting hormogonium development would be expected to produce growth defects because hormogonia enter a non-growth state, and therefore increasing the frequency of hormogonium development or persistence of the hormogonium state would severely limit the growth rate.
In the cannonical Rsb PSRS, described in B. subtilis, RsbW is the downstream effector and the system works to regulate a sigma factor (Yang et al., 1996) . However, recent studies have shown that in some partner-switching systems, it is the RsbV-like protein that works as the output of the system to modulate undefined targets (Morris and Visick, 2013; Mercer and Lang, 2014 Fig. 2A , far right panel) showed an obvious reduction in colony spreading when compared to the wild type, similar to the phenotype of the single mutant strain ΔhmpV. These data support a model where HmpV is the downstream effector of the PSRS.
The diminished or enhanced colony spreading observed for individual hmp PSRS mutant strains could be attributable to several different effects on hormogonium development and motility, including changes in the percentage of filaments that initiate or complete hormogonium development, changes in the rate of motility in fully differentiated hormogonia and changes in the persistence of the hormogonium state, among others. To distinguish between these factors, detailed analyses of the morphology and motile behavior of each deletion strain were conducted. At both 0 h and 24 h post-hormogonium induction, the wild type and all three deletion-mutant strains displayed similar morphologies (Fig. 2B, Fig. S2 ). At 0 h (uninduced), the wild type and mutant strains contain filaments with similarly sized vegetative cells and the presence of N 2 -fixing heterocysts, although there was a small, but statistically significant increase in the cell size for the ΔhmpV strain. At 24 h post-induction for hormogonia, all three deletion strains had similar morphological features as the wildtype strain, including a smaller average cell length compared to 0 h and loss of heterocysts from the filaments, which are indicative of hormogonia, although the ΔhmpU and ΔhmpV strains retained more filaments with heterocysts than the wild-type or ΔhmpW strains. However, the persistence of the hormogonium state was diminished in the ΔhmpU and ΔhmpV strains, and enhanced in the ΔhmpW strain, compared to the wild-type (Fig. S2 ). In the ΔhmpU and ΔhmpV strains, the presence of newly developed heterocysts at the filament termini, a hallmark of transition from the hormogonium to the vegetative state, was apparent within 48 h following induction, compared to 72 h for the wild type. In contrast, heterocysts did not appear in the ΔhmpW strain until 168 h post-induction. These results indicate that while the Hmp PSRS is mostly dispensable for the development of morphologically distinct hormogonia, it exerts an effect on persistence of the hormogonium state.
Subsequently, time-lapse microscopy was used to characterize the motility of the wild type and mutant strains at 24 h post-induction for hormogonia (Fig. 2C, SMOV1 ). The percentage of filaments that were motile in the ΔhmpU and ΔhmpV strains was significantly reduced compared to the wild type, as were the average and maximum velocity for filaments that were motile. In contrast, the percentage of filaments that were motile in the ΔhmpW strain was slightly enhanced compared to that of the wild type, and the ΔhmpW strain had a significant increase in the average and maximum filament velocity. Notably, despite a significant increase in the rate of motility, the variation between filaments in the ΔhmpW strain was much lower than the wild type, indicating that the motility of filaments in the ΔhmpW population was both faster and more homogenous. Collectively, these results indicate that the Hmp PSRS exerts effects on completion of hormogonium development (progression to motile hormogonia), the rate of motility in differentiated hormogonia and persistence of the hormogonium state.
The Hmp PSRS affects secretion of PilA and HPS
As described previously in the introduction, the major pilin PilA and the methyl-accepting chemotaxis protein HmpD are specifically expressed in hormogonia and are regulated by independent genetic pathways (Khayatan et al., 2017) . To determine whether a difference in accumulation of PilA and/or HmpD could account for the different phenotypes of the mutant strains, expression of each protein was determined via immunoblot assays (Fig. 3A) . Levels of PilA and HmpD in each deletion strain were comparable to the wild type, indicating that changes in their expression were most likely not responsible for the observed phenotype.
Although there was no obvious difference in the levels of total cellular PilA protein observed between the wild type and mutant strains from the immunoblot analysis, the amount of PilA that is exported out of the cells through the T4P system could differ if the Hmp PSRS is regulating some component(s) of the T4P machinery. To determine whether the Hmp PSRS affects export of PilA, immunofluorescence was employed to visualize the extracellular fraction of PilA in the wild type and each of the deletion strains (Fig. 3B, Fig. S3A) . A reduction in levels of extracellular PilA was observed in the ΔhmpU and ΔhmpV strains compared to the wild type strain, while a slight increase, albeit statistically insignificant, was observed for the ΔhmpW strain. The data imply that some aspect of the T4P motor complex could be affected by the Hmp PSRS.
Previous research has shown that the extension and retraction of the pilus in the T4P system is essential for the secretion of the HPS (Khayatan et al., 2015) . Because the results from the PilA immunofluorescence assays imply that activity of the T4P motor could be regulated by the Hmp PSRS, HPS levels were assessed in the wild-type and deletion strains (Fig. 3C, Fig. S3A+B ). Lectin blotting demonstrated reduced levels of soluble HPS, released into the medium, of the ΔhmpU and ΔhmpV strains when compared to wild type. Levels of cell-associated HPS were also reduced in these strains compared to wild type when assessed by UEA-fluorescein staining, and were moderately enhanced, but statistically insignificant, in the ΔhmpW strain. Collectively, these results imply that the Hmp PSRS affects motility by modulating the activity of the T4P motor, and therefore export of PilA and HPS out of the cell.
Expression and localization of Hmp PSRS components in hormogonia.
Previous analyses of the transcriptome during hormogonium development indicate that Hmp PSRS genes are upregulated upon hormogonium induction (Campbell et al., 2008 (Campbell et al., , 2007 Christman et al., 2011; Risser and Meeks, 2013) . Furthermore, the evidence provided above indicates that this system may be regulating the T4P motors, possibly via a direct interaction between an Hmp PSRS component, the most obvious candidate being HmpV, and the T4P system. The T4P motors are localized to discrete rings at the cell poles in N. punctiforme (Khayatan et al., 2015) , and if one or more components of the Hmp PSRS interacts with the T4P system, some of these proteins could also be expected to localize to rings at the cell poles. To determine the expression and localization of each Hmp PSRS component, the chromosomal allele of each gene was replaced with an allele encoding a C-terminal GFPuv-tagged variant. Consistent with the previous transcriptomic studies, accumulation of each GFPuv-tagged protein was enhanced in hormogonia, although the overall fluorescence derived from HmpV-GFPuv was much brighter than that for HmpU-GFPuv or HmpW-GFPuv, and was detectable in vegetative filaments, albeit at lower levels compared to hormogonia (Fig. 4) . HmpU-GFPuv localized to discrete, membrane-associated foci in hormogonia, with no apparent bias toward accumulation at the cell poles. However, the strain harboring the hmpU-gfpuv allele was similar to the ΔhmpU strain in plate motility assays (Fig.  S4 ) and HmpU-GFPuv was not detected by immunoblot analysis. This indicates that HmpU-GFPuv is non-functional, and the absence of detection in immunoblots may be due to the formation of inclusion bodies that fail to solubilize during protein extraction. The formation of insoluble inclusion bodies is consistent with the localization pattern observed for HmpU-GFPuv. HmpW-GFPuv localized to the cytoplasm and was detectable as a single band of the predicted molecular weight when probed by immunoblot, but like the hmpU-gfpuv allele, the strain harboring the hmpW-gfpuv allele produced a phenotype A. Immunoblot analysis of HmpD, PilA and RbcL in the wild-type and deletion strains (as indicated, strain labels correspond to panels A, B and C) 24 h after hormogonium induction. RbcL is the large subunit of RUBISCO and serves as a protein loading control. B. Quantification of extracellular PilA based on detection of PilA by immunofluorescence (n = 3, error bars = ±1 SD). C. Quantification of cell-associated and soluble extracellular HPS (n = 3, error bars = ±1 SD) in the wild type and each deletion strain 24 h after hormogonium induction. For both B and C, *p-value < 0.05, **p-value < 0.01 as determined by two-tailed Student's t-test between the wild type and each deletion strain. Examples of fluorescence images used to quantify PilA and cellassociated HPS, and images of lectin blots to quantify soluble HPS can be found in Fig. S3. indistinguishable from the ΔhmpW strain in plate motility assays, indicating the fusion protein is non-functional. Critically, in contrast to the gfp-tagged hmpU and hmpW alleles, a strain harboring the hmpV-gfpuv allele produced a wild-type phenotype in plate motility assays, indicating that this allele produces a functional protein. Immunoblot analysis indicated the presence of a highly abundant protein at the predicted molecular weight for HmpV-GFPuv, as well as two extremely low abundance proteins that may represent degradation products of full-length HmpVGFPuv. The increased abundance of HmpV-GFPuv compared to HmpW-GFPuv in immunoblots is consistent with the results from fluorescence microscopy, where HmpVGFPuv-derived fluorescence was much brighter than that from HmpU-or HmpW-GFPuv. Like HmpW-GFPuv, HmpV-GFPuv localized to the cytoplasm with no obvious bias in accumulation at the membrane or cell poles. Because HmpV appears to function as the downstream effector for the Hmp PSRS system, and the hmpV-gfpuv allele produced a functional, full-length fusion protein, the most obvious interpretation of these results is that the downstream target for HmpV is cytoplasmic, and therefore unlikely to be a component of the T4P motor complex. Alternatively, it may be possible that a small fraction of the full-length HmpV-GFPuv, or one of the low abundance degradation products, localizes to a specific location in the cell, but this localization is obscured by the large amount of cytoplasmic HmpV-GFPuv or absence of a functional GFPuv tag respectively.
Expression of T4P and HPS genes in the ΔhmpV
strain. If HmpV does not directly modulate the T4P motor, an alternative hypothesis for how HmpV exerts its effect on the T4P system and HPS secretion is through regulating expression of T4P-and HPS-specific genes. To test this hypothesis, RT-qPCR was employed to quantify the expression of several genes whose products are required for normal PilA and HPS secretion (Fig. 5) , including pilB, pilQ, hpsE and the recently characterized hmpF (Risser and Meeks, 2013; Khayatan et al., 2015; Cho et al., 2017) . Prior to hormogonium induction, expression levels for each gene were similar in the wildtype and ΔhmpV strain, with a slight reduction in expression for several genes in the ΔhmpV strain that was not GFPuv-derived fluorescence (cyan) for the wild type, and strains harboring gfpuv-tagged alleles of Hmp PSRS genes (as indicated), 0 and 24 h after hormogonium induction (as indicated). The wild-type, hmpW-gfpuv and hmpU-gfpuv strains were imaged using 5 s exposure for GFPuv-derived fluorescence while the hmpV-gfpuv strain was imaged using 3 s exposure. statistically significant. At 18 h post-induction, expression levels for each gene increased in both the wild-type and ΔhmpV strains compared to the corresponding strains at 0 h. However, the maximal expression for all four genes tested was higher in the wild-type compared to the ΔhmpV strain, with three genes, pilB, hpsE and hmpF, showing statistically significant reductions in expression in the ΔhmpV strain versus wild type. These results indicate that the Hmp PSRS system affects transcription of several hormogonium-specific genes required for T4P motor activity and HPS synthesis and secretion, and that this may account for the phenotype of the individual Hmp PSRS mutant strains.
Discussion
The evidence presented here supports a model (Fig. 6 ) in which HmpU, HmpW and HmpV comprise a discrete PSRS involved in the regulation of hormogonium development and motility in N. punctiforme. Supporting evidence for this model include the genomic proximity of hmpU and hmpW, the co-occurrence of HmpU, HmpW and HmpV orthologs in nearly all filamentous cyanobacteria, the specificity of HmpW for protein-protein interaction with HmpV, but not other RsbV homologs, and the antagonistic effects of HmpW versus HmpU and HmpV on hormogonium development and motility. As discussed previously, in canonical PSRSs, the RsbW-like protein is the downstream effector and regulates a sigma factor (Igoshin et al., 2007) , while in alternative-type PSRSs, the RsbV-like protein is the output of the system, working through an unknown mechanism (Morris and Visick, 2013; Mercer and Lang, 2014) . Epistasis analysis between hmpV and hmpW indicates that hmpV is epistatic. This is consistent with HmpU/V/W forming an alternative-type PSRS, which functions in a similar manner to those of other Gram-negative bacteria such as R. capsulatus and V. fischeri (Morris and Visick, 2013; Mercer and Lang, 2014) , where the phosphorylation state of HmpV determines its ability to affect a downstream target. In this model, the HmpW serine kinase phosphorylates HmpV rendering it inactive. The HmpU serine phosphatase can dephosphorylate HmpV to produce the active form, which in turn influences some unknown target(s) to promote hormogonium development and motility. It should be noted that currently, we have not presented any direct evidence for phosphorylation and dephosphorylation of HmpV by HmpW or HmpU, respectively, although given the sequence conservation to canonical Rsb components and the evidence for direct interaction between HmpV and HmpW, it is likely that this occurs.
The ΔhmpV strain produced wild-type cellular levels of PilA, but the secretion of PilA and HPS is significantly impaired and there is a drastic reduction in both filament speed and the percentage of motile filaments. This specific phenotype implies that the Hmp PSRS could be working to regulate the T4P machinery directly or indirectly since the T4P system is responsible for the secretion of PilA and HPS and necessary for gliding motility (Khayatan et al., 2015) . Localization of HmpV to the cytoplasm, rather than the site of the T4P systems, and the reduced expression of several genes required for T4P function and HPS synthesis in the ΔhmpV strain are most consistent with a model where the Hmp PSRS indirectly regulates the T4P machinery by regulating gene expression. Modulation of gene expression by the Hmp PSRS could also account for its role in regulating persistence of the hormogonium state, although the gene(s) most directly responsible for controlling hormogonium persistence are currently undefined and thus this hypothesis could not be tested in this study.
Currently, it is unclear what might be the downstream target for HmpV. One possibility is that HmpV may be interacting with a second RsbW-like anti-sigma factor, which in turn sequesters a sigma factor required for hormogonium development and motility. Several additional RsbW homologs are encoded in the N. punctiforme genome and we are currently conducting follow-up studies to test this hypothesis. Alternatively, it is possible that HmpV itself may be directly or indirectly modulating the activity of a transcriptional regulator, rather than through modulation of an RsbW-like protein.
As of yet, not a single canonical transcriptional regulator has been shown to be integral to hormogonium development, making it difficult to identify putative targets, but the ongoing transposon mutagenesis study being conducted by our lab is likely to identify possible targets in the future.
It is also currently unknown what the input signal, or signals, are that might modulate the activity of the HmpU phosphatase in order to regulate the output of the Hmp PSRS. Presumably, the system is sensing and responding to some stimulus, and this input is received through the REC (receiver) domain and/or GAF (cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA) domains at the N-terminus of HmpU, resulting in the modulation of the C-terminal PP2C phosphatase domain and therefore regulating the level of phospho-HmpV. The REC domain probably serves as the target for phosphoryl transfer by a histidine kinase in order to modulate the activity of the PP2C phosphatase domain. Currently, the only histidine kinase known to influence motility in N. punctiforme is the CheA-like protein HmpE of the Hmp chemotaxis-like system (Risser et al., 2014) . It is conceivable that HmpE phosphorylates the REC domain of HmpU. Intriguingly, deletion of hmpD of the Hmp chemotaxis-like system was reported to reduce persistence of the hormogonium state and reduce expression of a number of hormogonium-specific genes, including hpsE and pilB (Risser and Meeks, 2013) , a phenotype remarkably similar to deletion of hmpV.
GAF domains are known to act as sensory domains and bind to small molecules like cyclic nucleotides or chromophores, with the latter typically being involved in sensing light (Hurley, 2003; Rumyantsev et al., 2015) . Therefore, it is possible that the GAF domain of HmpU modulates the activity of the adjacent PP2C phosphatase domain in response to changes in light or levels of nucleotide-based second messengers. Additional experiments will need to be conducted to define the roles of these two sensory domains in modulating the system. The fact that deletion of hmpW simultaneously enhances the rate of motility while also reducing variation within the population implies that in the ΔhmpW strain, the hormogonia are approaching their physiological maxima for motility, and thus indicates that the Hmp PSRS may function to some degree as a molecular gas pedal, controlling the rate of motility in response to environmental or internal stimuli. Therefore, whatever the inputs to the system are, it is apparent that under laboratory conditions they are probably not saturating.
It is notable that the Hmp PSRS described here appears to be almost exclusively conserved in filamentous cyanobacteria, indicating a specific selective advantage for this system in filamentous versus unicellular strains, and providing further evidence to support a common gliding mechanism among all filamentous cyanobacteria (Risser and Meeks, 2013; Khayatan et al., 2015; Cho et al., 2017) . As discussed in the introduction, it is widely accepted that the photosynthetic activity of Earth's ancient cyanobacteria is what led to the rapid accumulation of atmospheric oxygen, known as the GOE, around 2.5 billion years ago (Holland, 2002; Lyons et al., 2014) , and recent studies indicate that the GOE may have been shortly preceded by the evolution of filamentous cyanobacteria (Schirrmeister et al., 2013 (Schirrmeister et al., , 2015 . If this is the case, multicellularity may have provided selective advantages during the Earth's early history that allowed for rapid expansion and diversification of cyanobacteria and led to the resulting rapid increase in atmospheric oxygen levels (Schirrmeister et al., 2015) . It has been suggested that enhanced motility in filamentous cyanobacteria may have provided one such selective advantage. Filamentous species might better coordinate movement up and down in stromatolites to access the light necessary for photosynthesis while avoiding lethal overexposure to UV radiation, and possibly colonize new habitats more rapidly with better surface attachment to microbial mats (Stal, 1995; Schirrmeister et al., 2015) . Based on its gene conservation pattern, it is conceivable that the Hmp PSRS arose early in filamentous cyanobacteria and allowed for enhanced motility and ability to modulate the coordinated movement of the filaments in response to the environment. The evolution of the Hmp PSRS may therefore have played an important role historically with regard to the GOE, which paved the way for the evolution of oxygen-based life forms on Earth.
Experimental Procedures
Strains and culture conditions
For a detailed description of the plasmids, strains and oligonucleotides used in this study refer to Tables S1 and S2. N. punctiforme ATCC 29133 and its derivatives were cultured in Allan and Arnon medium diluted fourfold (AA/4), without supplementation of fixed nitrogen, as previously described (Campbell et al., 2007) , with the exception that 4 and 10 mM sucralose was added to liquid and solid medium, respectively, to inhibit hormogonium formation (Splitt and Risser, 2015) . For hormogonium induction, the equivalent of 30 µg ml -1 chlorophyll a (Chl a) of cell material from cultures at a Chl a concentration of 10-20 µg ml -1 was harvested at 2,000 g for 3 min, washed two times with AA/4 and resuspended in 2 ml of fresh AA/4. For selective growth, the medium was supplemented with 50 µg ml -1 neomycin. Escherichia coli cultures were grown in lysogeny broth (LB) for liquid cultures or LB supplemented with 1.5% (w/v) agar for plates. Selective growth medium was supplemented with 50 µg ml -1 kanamycin, 50 µg ml -1 ampicillin and 10 µg ml -1 chloramphenicol.
Plasmid and strain construction
The primers used for plasmid construction are indicated in Tables S1 and S2. All constructs were sequenced to insure sequence fidelity.
To construct plasmids for in-frame deletion of genes, approximately 900 bp of flanking DNA on either side of the gene and several codons at the beginning and end of each gene were amplified via overlap extension PCR and cloned into pRL278 (Cai and Wolk, 1990) as BamHISacI fragments using restriction sites introduced on the primers.
To construct a mobilizable shuttle vector expressing hmpU, hmpW or hmpV from the petE promoter, the coding region of each gene was amplified via PCR and subsequently cloned into pDDR155 (Risser et al., 2014) as a BamHI-SacI fragment, replacing the hmpA-gfpcoding region, using restriction sites introduced on the primers. To construct plasmids for replacement of chromosomal alleles with C-terminal gfpuv-tagged variants, approximately 900 bp of DNA downstream of the stop codon were amplified via PCR and cloned into pSCR569 (Risser et al., 2012) , as SpeI-SacI fragments using restriction sites introduced on the primers. The coding region of each gene and approximately 900 bp of DNA upstream of the start codon were then amplified via PCR and cloned into this plasmid as a BamHI-SmaI fragment using restriction sites introduced on the primers. To construct plasmids encoding proteins of interest fused to either the T18 or T25 fragment of Bordetella pertussis adenylate cyclase for bacterial adenylate cyclase two-hybrid (BACTH) analysis (Karimova et al., 1998; Battesti and Bouveret, 2012) , the coding region of each gene was amplified via PCR and cloned into either pUT18c or pKT25 as XbaI-KpnI fragments using restriction sites introduced on the primers. For each RsbV-like coding gene, site-directed mutagenesis using overlap extension PCR was used to replace the codon for the putative phosphoserine with a codon for alanine, which has been previously shown to stabilize RsbW-RsbV interactions (Yang et al., 1996) . For Npun_F4337, which encodes a protein with a C-terminal glycosyl transferase and N-terminal RsbVlike domain, only the first 369 nucleotides, encoding the RsbV-like domain, followed by the introduction of a stop codon, were cloned into pUT18c. Generation of transposon mutants and identification of transposon insertion sites was performed as previously described (Khayatan et al., 2017) using plasmid pRL1063a (Wolk et al., 1991) . Gene deletions and allelic replacements were performed as previously described (Risser and Meeks, 2013) with N. punctiforme cultures supplemented with 4 mM sucralose to inhibit hormogonium development and enhance conjugation efficiency (Splitt and Risser, 2015; Khayatan et al., 2017) . To construct the ΔhmpU, ΔhmpW and ΔhmpV strains, pDDR386, pDDR390 or pKR101, respectively, were introduced into wild-type N. punctiforme, creating strains UOP113, UOP119 and UOP150 respectively. To construct the ΔhmpW, ΔhmpV double-deletion strain, pDDR390 was introduced in to UOP150, creating UOP151. To construct strains with the wild-type chromosomal alleles replaced with gfpuv-tagged variants, plasmids pDDR395, pDDR463 and pDDR464 were introduced into UOP113, UOP119 and UOP150, respectively, creating strains UOP120, 153 and 152 respectively.
Motility assays
Both plate and time-lapse motility assays, as well as phototaxis assays, were performed as previously described (Khayatan et al., 2015) . Briefly, for time-lapse motility assays, hormogonia were trans-illuminated with a Leica KL1500 electronic light source set to a power of 4, and observed for a total of 20 min. ImageJ (NIH) along with the automated motion tracking plugin wrMTrck (NussbaumKrammer et al., 2015) was used to assign unique identification numbers to each filament, and the data were then manually curated to remove non-motile or overlapping filaments from the data set. Three biological replicates were performed for each strain tested, and the first 50 filaments annotated by wrMTrck were used to determine the percentage of motile filaments, and then to quantify the rates of motility for only those filaments that displayed motility. The n for motile filaments for each strain and biological replicate were as follows: wild type = 48, 48, 47, ΔhmpW = 50, 50, 50, ΔhmpU = 0, 5, 16 and ΔhmpV = 6, 6, 5.
RT-qPCR
Total RNA was extracted for each of the three biological replicates from each strain at 0 and 18 h following hormogonium induction, using previously published methods (Campbell et al., 2007) and 500 ng of total RNA were used to synthesize cDNA with the ProtoScript First Strand cDNA synthesis kit and random hexamer primers (New England BioLabs Inc.) following the specifications of the manufacturer, after which 1 µl of cDNA was used as template for qPCR. Transcripts of pilB (qNpun_ R0118-F2 + qNpun_R0118-R2), pilQ (qNpun_F5008-F2 + qNpun_F5008-R2), hpsE (qNpun_F0070-F2 +qNpun_ F0070-R2), hmpF (qNpun_R5959-F2 + qNpun_ R5959-R2) and rnpB (qNpun_r018-F1 + qNpun_r018-R1) were amplified using the primer sets indicated in parentheses, using a Step One Plus Real-Time PCR System (Applied Biosystems) and SensiFAST SYBR No-ROX kit (Bioline) following the manufacturer's specifications. Quantification of transcript abundance was calculated from the averages of two technical replicates from each of the three biological replicates using the 2(-Delta Delta C(T)) method (Livak and Schmittgen, 2001) , with expression normalized relative to rnpB.
Immunoblot and lectin blot analysis
Preparation of cell material, protein extraction and detection of PilA, RbcL, HmpD and GFPuv by immunoblot analysis were performed as previously described . Preparation, detection and quantification of soluble HPS in the culture medium by lectin blotting with biotinylated UEA (Vector Laboratories) were performed as previously described (Khayatan et al., 2015) .
Immunofluorescence and fluorescent lectin staining
Simultaneous detection of PilA and HPS by immunofluorescence and fluorescent lectin staining was performed as previously described . Quantification of PilA-derived immunofluorescence was performed in the same manner as that described for UEA-fluorescein staining .
Microscopy
Light microscopy of filament morphology was performed using a Leica DME light microscope with a 40x objective lens and equipped with a Leica DFC290 digital camera controlled by micromanager imaging software (Edelstein et al., 2014) . Quantification of cell length and the percentage of filaments with attached heterocysts was performed as previously described (Khayatan et al., 2017) .
Fluorescence microscopy was performed with a Leica DMIRE2-inverted fluorescence microscope equipped with either a 10x or 63x objective lens using metamorph software (Molecular Devices) and a Yokogawa CSU-X1 spinning disc confocal with a QuantEM: 5125C camera. Excitation and emission were as follows: 405 nm excitation (CUBE 405 nm 100 mW laser at 100%, Coherent) and 460 (±25) nm emission for immunofluorescence of PilA using CF-405m; 491 nm excitation (Calypso 491 nm 50 mW laser at 100%, Cobolt) and 525 (±25) nm emission for UEA-fluorescein-labeled HPS; 405 nm excitation (CUBE 405 nm 100 mW laser at 100%, Coherent) and 525 (±25) nm emission for GFPuv-tagged proteins; and 561 nm excitation (Sapphire 561 nm 50 mW laser at 100%, Coherent) and 605 (±25.5) nm emission for cellular autofluorescence. For fluorescence microscopy of filaments expressing GFPuv protein fusions, 10 µl of culture were spotted on the surface of a glass slide coated with dehydrated 1% agarose and overlaid with a coverslip.
Bacterial adenylate cyclase two-hybrid assays
The bacterial adenylate cyclase two-hybrid assay (BACTH) (Karimova et al., 1998; Battesti and Bouveret, 2012) was employed to probe protein-protein interaction between HmpW and various RsbV homologs. BTH101 (adenylate cyclase-deficient) E. coli strains transformed with appropriate plasmids were streaked onto Lysogeny Broth (LB) agar plates containing 100 µg/ml Ampicillin and 50 µg/ml Kanamycin and incubated at 30°C for 48 h. For each strain, 1 ml of LB containing 100 µg/ml Ampicillin, 50 µg/ml Kanamycin and 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was inoculated with several colonies from the plate, and cultures were then incubated overnight at 30°C with shaking at 230 rpm. For qualitative MacConkey agar assays, 2 µl were taken from each overnight culture and spotted onto MacConkey agar plates containing 100 µg/ml Ampicillin and 50 µg/ ml Kanamycin. Plates were incubated at 30°C for 48 h. Quantitative Δ-galactosidase assays were performed as previously described (Zhang and Bremer, 1995) , with several modifications. A volume of 20 µl of each overnight culture was added to 980 µl of LB containing 100 µg/ml Ampicillin, 50 µg/ml Kanamycin and 0.5 mM IPTG, and incubated at 30°C with shaking at 230 rpm until an OD600 of 0.28-0.70 was reached. For each sample, 20 µl were added to 80 µl of permeabilization solution (100 mM Na 2 HPO 4 , 20 mM KCl, 2 mM MgSO 4 , 0.8 mg/ ml hexadecyltrimethylammonium bromide, 0.4 mg/ml sodium deoxycholate, 5.4 µl/ml β-mercaptoethanol) and incubated for 30 min at 30°C. Subsequently, 600 µl of substrate solution (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1 mg/ml ortho-Nitrophenyl-β-galactoside, 2.7 µl/ml β-mercaptoethanol, warmed to 30°C) were added to each sample to initiate the reaction. After incubation for 40 min at 30°C, there was a detectable yellow color in the positive control sample and all reactions were terminated by addition of 700 µl of stop solution (1 M Na 2 CO 3 ). Samples were centrifuged at maximum speed for 5 min to separate out particulate matter, and OD420 was measured for the supernatant of each sample. The average Miller Units were calculated for each strain as a standardized measure of Δ-galactosidase activity, from two technical replicates for each of three biological replicates.
